Barium hexaferrite ͑BaM͒ films were deposited on 10 nm MgO ͑111͒ films on 6H silicon carbide ͑0001͒ substrates by pulsed laser deposition from a homogeneous BaFe 12 O 19 target. The MgO layer, deposited by molecular beam epitaxy, alleviated lattice mismatch and interdiffusion between film and substrate. X-ray diffraction showed strong crystallographic alignment while pole figures exhibited reflections consistent with epitaxial growth. After optimized annealing, these BaM films have a perpendicular magnetic anisotropy field of 16 900 Oe, a magnetization ͑as 4M s ͒ of 4.4 kG, and a ferromagnetic resonance peak-to-peak derivative linewidth at 53 GHz of 96 Oe, thus demonstrating sufficient properties for microwave device applications.
Barium hexaferrite ͑BaM͒ films were deposited on 10 nm MgO ͑111͒ films on 6H silicon carbide ͑0001͒ substrates by pulsed laser deposition from a homogeneous BaFe 12 O 19 target. The MgO layer, deposited by molecular beam epitaxy, alleviated lattice mismatch and interdiffusion between film and substrate. X-ray diffraction showed strong crystallographic alignment while pole figures exhibited reflections consistent with epitaxial growth. After optimized annealing, these BaM films have a perpendicular magnetic anisotropy field of 16 900 Oe, a magnetization ͑as 4M s ͒ of 4.4 kG, and a ferromagnetic resonance peak-to-peak derivative linewidth at 53 GHz of 96 Oe, thus demonstrating sufficient properties for microwave device applications. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2794011͔
It has been a longstanding goal of the microwave device community to integrate nonreciprocal microwave devices ͑e.g., circulators, isolators, phase shifters, etc.͒ with semiconductor device platforms in order to meet the demands of increasing microwave power and reduced device volume.
1,2
Previous attempts to deposit ferrite materials onto silicon and gallium arsenide failed in that the high temperatures required for the processing of low microwave loss ferrite materials resulted in either alloying with the silicon substrate or chemical disassociation of the GaAs substrate. In both cases, the films' microwave performances degraded. Today, there are new options for high power microwave semiconductor materials, which include the wide bandgap materials silicon carbide ͑SiC͒ and gallium nitride ͑GaN͒. These materials are ideal candidates for ferrite-semiconductor integration because of their compatibility with high power, high frequency device operation. 2 Furthermore, 6H-SiC has the same hexagonal crystal structure as barium ferrite ͑BaFe 12 O 19 , BaM͒ with a lattice mismatch of 4.38% along ͑0001͒ plane providing a suitable substrate for the ferrite film.
Our previous attempts at depositing BaM on 6H-SiC by pulsed laser deposition ͑PLD͒ showed promising results with evidence of strong crystal texture in the films as well as magnetic anisotropy fields greater than 15 000 Oe. 3 However, the films from these previous studies were unable to obtain microwave losses, as measured by ferromagnetic resonance peak-to-peak derivative linewidths ͑⌬H͒, of less than 1000 Oe. In addition to some random orientation in the film seen by x-ray diffraction ͑XRD͒, x-ray photoelectron spectroscopy ͑XPS͒ revealed evidence of silicon diffusion to the surface.
It is known that lattice mismatch strain impacts both structure and magnetic properties of a BaM film deposited by PLD. 4 MgO and Pt have been deposited by PLD and used as a buffer layer between Si and PLD-deposited BaM with some improvement in both structure and magnetic properties. 5, 6 Although an MgO buffer is expected to reduce the lattice mismatch between the BaM and the SiC from 4.38% to 1.3%, the use of a PLD-grown MgO buffer did not significantly improve the magnetic quality of the films owing to high porosity and less than optimal crystallite orientation. The magnetic properties of the BaM did improve, however, with the introduction of an interwoven MgO / BaM multilayer at the film-substrate interface. 7 This layered MgO / BaM buffer reduced interface diffusion and, consequently, the ⌬H decreased to less than 500 Oe. 7 Postdeposition heat treatments were found to be ineffective in further reducing the ferromagnetic resonance ͑FMR͒ linewidth. The impact of different initial surfaces on BaM morphology and magnetic hysteresis curves was also observed by Capraro et al., 8 comparing PLD-deposited BaM on silicon to sapphire, and in recent work by Heindl et al., 9 comparing bilayers of barium strontium titanate and BaM on MgO and sapphire substrates.
In this letter, we report on the improved magnetic and structural properties of BaM deposited by PLD on an MgO buffer layer grown by molecular beam epitaxy ͑MBE͒. This combined use of MBE to provide a high quality buffer layer followed by the growth of a thick film of BaM by PLD is shown to be a simple and effective method to allow integration of BaM with SiC for microwave device applications. The results show high crystal quality epitaxial films without silicon diffusion and with FMR linewidths of less than 100 Oe.
The 6H-SiC ͑0001͒ single crystal wafers, acquired from Cree, Inc., were cleaned in a custom-built hydrogen furnace to produce an atomically smooth stepped surface free of oxygen and carbon contamination and polishing scratches. 10 A 10 nm crystalline MgO ͑111͒ film was grown by MBE at ϳ150°C on the silicon face of 6H-SiC by using a lowa͒ Author to whom correspondence should be addressed. Tel.: ϩ1617-373-2990. FAX: ϩ1617-373-2209. Electronic mail: kziemer@coe.neu.edu temperature Mg effusion cell and a remote oxygen plasma source. The oxygen plasma was held constant at 100 W and a chamber pressure of 5 ϫ 10 −6 Torr. The Mg:O flux ratio was ϳ1 : 20 which resulted in single crystalline MgO films that grew conformal on the 6H-SiC atomic steps with the epitaxial relationship MgO ͑111͒ ʈ 6H-SiC ͑0001͒.
10,11 The MgO buffer layer thickness varied from 2 to 12 nm in this study. Structure and composition of the MgO films were verified in situ by reflection high-energy electron diffraction and XPS.
After MBE preparation of the MgO template, the sample was immediately transferred to the PLD chamber. The BaM film was deposited from a homogeneous BaFe 12 O 19 target by a Tui KrF excimer laser operating at a wavelength of 248 nm with energy per pulse of 250 mJ. The background gas and substrate temperature were held constant at 20 mTorr pure oxygen and 915°C, respectively. These conditions were found in previous studies to result in the highest quality BaM films as judged by their magnetic and microwave properties. 3, 12 During deposition, in order to promote good adhesion and epitaxy at the interface, the laser repetition rate was slowly raised from 2 to 16 Hz for the first 5 min, and then fixed at 16 Hz for the remaining 30 min of growth.
The dc magnetic properties were measured as room temperature magnetic hysteresis loops via vibrating sample magnetometry ͑VSM͒. The applied magnetic field was swept from −19 to + 19 kOe with the field aligned both in-plane and out-of-plane sample orientations. Ferromagnetic resonance was measured in the frequency range from 46 to 58 GHz, and the strongest peak-to-peak signal was obtained at 53 GHz. To characterize the crystallographic texture of the BaM film, XRD patterns were obtained from a Bruker D5005 diffractometer and pole figures were obtained using a Philips X'pert thin film diffractometer.
VSM results of the as-deposited BaM on 10 nm of MBE-grown MgO on SiC are shown in Fig. 1 . The hysteresis loops confirm that the easy magnetic axis of the BaM film is aligned perpendicular to the film plane. This is consistent with the crystallographic c axis aligning perpendicular to the sample plane and is the desired orientation for conventional microwave Y-junction circulator device applications. The estimated anisotropy field of 16.9± 0.2 kOe is in agreement with the published results of the single crystal BaFe 12 O 19 value of 17 kOe. In addition, the 4.4± 0.3 kG magnetization of the film compares well to the bulk material value of 4.48 kG. 13 XPS depth profile of the as-deposited film showed the bulk of the film contained close to the expected stoichiometric Fe to Ba ratio of 12. No Si diffusion was evident in the BaM film, and no Fe diffusion was evident in the bulk SiC. The abruptness of the BaM / MgO interface suggests very little intermixing at any interface. Atomic force microscopy revealed a smooth surface ͑1.3 nm root-meansquare roughness over a 2 m 2 ͒ with indications of layered growth of the as-deposited film.
After deposition, the BaM films were annealed in air at 1050°C in two steps of 2 min duration each. After annealing, the saturation magnetization increased from 4.3 to 4.4 kG with a ⌬H of 96 Oe. Figure 2 presents the XRD of the as-deposited film with a segment of the XRD spectrum corresponding to the postannealed film as the inset to the figure. The as-deposited spectrum reveals all ͑0, 0, 2n͒ diffraction peaks indicating a pure phase magnetoplumbite crystal structure having strong c-axis orientation perpendicular to the substrate plane. A BaFe 2 O 4 peak appears near 2 ϳ 27°signaling the presence of a secondary phase. Evidence for the existence of this phase is eliminated after the annealing procedure.
To fully characterize the texture of the BaM film, pole figures were obtained by tilting the sample and rotating it in a spiral pattern for a fixed value of 2. The angle between the film normal and the line bisecting the incident and detected x-ray beams ͑phi͒ was varied from 0°to 85°and the azimuthal angle about the bisecting line ͑psi͒ was varied from 0°to 360°. In this work, pole figures were obtained for 2 values of 23.03°, 17.8°and 30.3°, which were chosen to bring the ͗006͘, ͗101͘, and ͗110͘ planes, respectively, into Bragg orientation ͑JCPDF 84-0757͒. The pole figure for the ͗006͘ reflection, which clearly illustrates a single dominant peak and six weaker peaks exhibiting hexagonal symmetry of the as-deposited film, is illustrated in Fig. 3 . The center of the pole figure corresponds to the values phi= psi= 0°. Phi is proportional to the radial distance from the center of the pole figure ͑0°Ͻ phiϽ 90°͒ and psi is the circumferential angle ͑0°Ͻ psiϽ 360°͒. The intensity observed in Fig. 3 can be consistently indexed by assuming virtually that all of the grains are oriented with their easy axis within only a few degrees of the sample normal. The single dominant peak about phi= psi= 0°corresponds to the ͗006͘ reflection which is consistent with the -2 data of Fig. 2 and is indicative of low c-axis dispersion. The six weaker peaks with hexagonal symmetry correspond to the ͗104͘-type reflections which exhibit a d spacing very close to that of the ͗006͘ peaks ͑2 = 23.018°for ͗006͘ as compared to 2 = 23.225°for ͗104͒͘. The interplanar angle between the ͗104͘-type and ͗006͘-type planes is ϳ48.9°as measured from the pole figures. This value agrees well with the expected interplanar angle of 48.6°, which can be estimated using the literature values of the lattice parameters, namely, a = 0.5892 nm and c = 2.3183 nm. 14 Because the ͗104͘-type reflections are observed as well-defined peaks rather than a ring, a strong epitaxial relationship between the BaM and the MgO buffer layer is confirmed.
The FMR linewidth was significantly reduced by the postdeposition heat treatment. The as-deposited films' FMR linewidths of ϳ220 Oe were consistently reduced to ϳ100 Oe after the postdeposition annealing ͑see Fig. 4͒ , with a consistent 96 Oe after the optimal two-step annealing process described earlier. A ⌬H value of 96 Oe compares well with values reported for BaM films grown on lattice matched nonsemiconducting substrates, such as MgO and sapphire. 4, [15] [16] [17] The improvement of the magnetic properties of films after annealing indicates assorted defects within the film have been eliminated by the annealing process. XPS does not show evidence of silicon diffusion at the surface of the annealed films.
In summary, barium hexaferrite films with 4M s of 4.4 kG and ⌬H of 220 Oe have been effectively integrated by pulsed laser deposition with single crystal 6H silicon carbide substrates buffered with a 10 nm crystalline MBEgrown MgO ͑111͒ layer. The BaM films are characterized as having basal planes parallel to the substrate plane. After annealing, the best films have an FMR derivative power linewidth of 96 Oe, which is of sufficient quality to pursue microwave device applications.
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